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Both natural and synthetic polycations can induce demixing of negatively charged components in artificial and possibly in natural membranes.
This process can result in formation of clusters (binding of several components to a polycation chain) and/or domains (aggregation of clusters and
formation of a separate phase enriched in some particular component). In order to distinguish between these two phenomena, a model lipid
membrane system containing ion channels, formed by a negatively charged peptide, O-pyromellitylgramicidin, and polycations of different
structures was used. Microelectrophoresis of liposomes, changes in boundary potential of planar bilayers, the shape of compression curves and
potentials of lipid and lipid/peptide monolayers were used to monitor the electrostatic factors in polymer adsorption to the membrane and peptide–
polymer interactions. The synthesized PEO-grafted polylysine, PLL–PEO20000, did not induce peptide demixing monitored by stabilization of
the gramicidin channels, in contrast to parent polylysine (PLL). Both polymers were shown to bind effectively to negatively charged liposomes
and lipid monolayers, suggesting that the ineffectiveness of PLL–PEO20000 was not due to reduction of its binding. It was hypothesized that
PLL–PEO20000 could not induce domain formation due to steric hindrance of long PEO chains preventing lateral fusion of clusters. Another
copolymer, PLL–PEO4000, having four PEO chains of 4000 Da, exhibited intermediate effect between PLL and PLL–PEO20000, which shows
the importance of the copolymer architecture for the effect on the lateral distribution of OPg channels. The model system can be relevant to
regulation of lateral organization of ion channels and other components in natural membrane systems.
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Biological membranes represent a concerted ensemble of
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chemical signals into competent responses. The functioning of
such a machine is impossible without distinct lateral arrange-
ment of lipid and protein molecules within the cellular
membrane manifesting in the formation of domains of different
compositions [1,2]. One type of such domains, commonly
addressed to as lipid rafts, are composed of a cholesterol/
sphingolipids mixture and serve as platforms for the functioning
of many regulatory proteins, such as receptors [3,4], ABC
transporters [5–7] and tyrosine kinases [8,9]. Another type of
membrane domains can be formed by anionic lipids and
proteins, which undergo demixing due to interaction with
cationic peptides or specific proteins [10]. The functional role of
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alanine-rich C kinase substrate (MARCKS), which induced the
formation of domains enriched in phosphatidylinositol dipho-
sphate (PIP2) [11–13]. This in turn inhibited the hydrolysis of
PIP2 with phospholipase C and blocked the release of inositol
diphosphate required for the release of calcium from intracel-
lular depots. Lateral organization of ion channels in cell
membranes was also shown and its importance in the regulation
of channel activity in biological membranes was established
[14–17].
The mechanism of the lipids and proteins demixing has been
a subject of extensive studies during the last decade. It is
suggested that the main reason for the formation of domains in
lipid bilayers consists in the differences in the shape and
spontaneous curvature of membrane components [18–20]. In
the membrane composed of lipids and proteins differing in their
shape, spontaneous demixing occurs resulting in the formation
of microphases or domains. If the content of the second
component is low and insufficient for the formation of the
separate phase, spontaneous demixing does not occur. However,
in the presence of polyvalent ligand (e.g. protein with multiple
binding sites or multivalent cations) the equilibrium shifts to the
formation of domains and demixing occurs [21]. It should be
stressed that in both cases the main driving force of such
demixing is the minimization of the deformation energy of the
bilayer, which forces the membrane components to reduce the
area of contact of non-complementary components. The
interaction of the polyvalent ligand with a membrane
component gives only an additional impact, triggering the
demixing processes.
The electrostatic interaction is an important factor in the
adsorption of polycations to the surface of membranes and has a
key role in many processes in biomembranes [13] It is well
known that the presence of negatively charged component in the
membrane is essential for adsorption of polycations. Moreover,
the adsorption of polycations induces the lateral segregation of
negatively charged lipids and other changes in the membrane
structure, and the cluster formation is one of them [10,22–24].
The same phenomena are expected for proteins or peptides
incorporated into the membrane when their negatively chargedFig. 1. Structure of the PEO-grafted PLL copolymers studied. “x” was close to four
randomly distributed along the length of the PLL chains.groups are exposed to aqueous phase. Microelectrophoresis of
liposomes, boundary potential of planar BLM, compression
curves and potentials of lipid monolayers are sensitive to
electrostatically driven binding and suitable for the study of
such phenomena.
Clustering of peptide channels in lipid membranes was also
studied in the model systems that allowed understanding of fine
details of this process [25,26]. Our own investigations in this
field were focused on the formation of domains from anionic
semi-synthetic O-pyromellityl-gramicidin A (OPg) due to its
interaction with the cationic polypeptide poly-L-lysine (PLL)
[27,28]. In this issue, OPg clustering was observed by the
changes in the kinetics of sensitized photoinactivation of OPg
channels, the process being significantly decelerated upon
addition of PLL. We found that the properties of clusters formed
by PLL–OPg complexes strongly depended upon the PLL/OPg
ratio, implying that the clusters formed in the presence of large
excess of PLL have the structure drastically distinct from that of
the clusters formed at a low PLL/OPg ratio. It was suggested
that the PLL binding to OPg in lipid bilayer membranes results
in the formation of two types of complexes differing in their size
and structure. Thus, the larger and/or more compact associates
addressed to as “domains” were formed at low PLL/OPg ratios,
while the increase in the PLL concentration led to the reduction
of their size (or packing density). The latter loose associates
were called “clusters” to distinguish them from the more
compact and large domains [28]. It was supposed that the
interaction proceeds via the formation of small clusters and their
subsequent fusion leading to the formation of large domains.
At the same time, there is no direct evidence for the existence
of different types of OPg/PLL associates. To address this issue,
we tried to hinder the fusion of clusters by grafting neutral
hydrophilic chains of polyethylene oxide (PEO) with PLL. The
grafted copolymers of the close overall composition but of quite
different architecture were prepared. One of them (PLL–
PEO4000) contained 4 PEO chains per one PLL, and the other
(PLL–PEO20000) contained 1 PEO chain per PLL polypeptide
(Fig. 1). The grafted PEO chains were randomly distributed
along the length of the PLL chains. We suppose that the
structure of OPg associates formed by these copolymers may(PLL–PEO-4000) and to one (PLL–PEO-20000). The grafted PEO chains were
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grafted to the polycation. If the formation of large OPg
associates (domains) occurs via fusion of small clusters,
attachment of bulky neutral PEO chains to the polycation will
prevent the clusters approach and subsequent fusion. Therefore,
this consideration suggests that polycations with grafted PEO
should induce only marginal changes in the kinetics of
photoinactivation of OPg.
Block copolymers of polycations and neutral hydrophilic
polymers are also of interest for the formation of soluble
interpolyelectrolyte complexes, since hydrophilic blocks favor
their solubility and/or the decrease in the size of colloidal
complex particles, thus giving a chance for the fine tuning of
pharmacological formulations. For example, the attachment of
PEO to polyethyleneimine and polylysine was shown to
increase their transfection activity [29]. The increase in the
size of polyethylene oxide blocks was shown to decrease the
size of micelles used for drug delivery [30], increase the
circulation half-times and immunotolerance of liposome-based
pharmacological formulations [31]. However, the literature
contains only scarce information concerning the effect of
polyethylene oxide blocks on the copolymers interaction with
biological membranes. The present paper is aimed to
characterize the interaction of this kind of polymers with
artificial membranes mimicking the lipid part of biological
membranes.2. Materials and methods
2.1. Synthesis of PEO-grafted-polylysines
Polyethylene oxide was grafted with PLL (M.W. 15,700; degree of
polymerization ∼75) via cyanuric chloride according to [32]. Briefly, 2 g of
PEG 4000 or PEG 20000 was dried by azeotropic vacuum distillation using
Heidolph Rotavapor. The dried polymer was dissolved in 7 ml of dry benzene.
The 3-fold molar excess of the freshly recrystallized cyanuric chloride and 1.5 g
of Na2CO3 were added to the solution and the flask was stopped with a dry tube
filled with anhydrous CaCl2 and the reaction mixture was stirred vigorously at
room temperature overnight. Then the solution was centrifuged to remove
sodium carbonate and the polymer was precipitated by the 7-fold excess of
hexane. The precipitate was thoroughly washed with several portions of hexane
and dried under vacuum over anhydrous CaCl2. The content of the attached
triazine in the final product was analyzed by the absorbance at 260 nm using the
extinction coefficient of 500 M−1 cm−1 and was found to be about 0.6–0.7
residues per polymeric chain.
Thus obtained triazine derivatives of PEO (10 mg) were dissolved in 0.05 ml
of anhydrous dioxane and added to 0.5 ml of the solution of poly-L-lysine
(10 mg, Sigma, M.W. 15700) in 0.1 M NaHCO3 buffer, pH 9.5. The reaction
mixture was incubated overnight at 6 °C and then diluted 10-fold with 20 mÌ
Na2CO3, 40 mÌ NaCl, pH 9,5 and fractionated on the CM-Sephadex C-50
column (30 mm×5 mm) equilibrated with the same buffer solution.
Polyethylene oxide uncoupled from PLL was eluted from the column and
modified PLL was then eluted with 20 mM Na2CO3, 4 M NaCl, pH 10,5 brine.
The fractions corresponding to the graft copolymer were collected, dialyzed
extensively against distilled water and freeze-dried.
The content of PEO in the samples was calculated either from 1H-NMR
spectra inD2Oor from the triazine/lysine ratio. In the latter case, the lysine content
in the samples was determined using trinitrobenzene sulfonic acid spectro-
photometric titration (ε420=13600 M
−1 cm−1) and the content of PEO modified
with triazine was estimated using UV absorbance (ε260=500 M
−1 cm−1). Both
techniques gave similar results and showed that about 4 PEO4000 chains and a
single PEO20000 chain were grafted to PLL.2.2. Synthesis of O-pyromellitylgramicidin
O-pyromellitylgramicidine was synthesized according to [33]. Briefly,
100 mg of gramicidin A (0.08 mmol) was dissolved in 2 ml of dry pyridine and
218 mg (1 mmol) of pyromellitic anhydride was added. The reaction mixture
was flushed with dry argon and allowed to react in the dark during 5 days. Then
the reaction mixture was diluted with 100 ml 5% NaHCO3 and the modified
gramicidin was allowed to precipitate at 4 °C overnight. The precipitate was
centrifuged, washed with cold water thrice and dried in vacuum dessicator over
anhydrous CaCl2. Then the crude product was chromatographed on silica plates
in chloroform/ethanol (8:2) mixture and extracted from the plates with ethanol.
The yield was about 50 mg.
2.3. Sensitized photoinactivation of gramicidin-mediated current in
planar bilayers
BLMs were formed from a solution of 2% diphytanoylphosphatidylcholine
(Avanti Polar Lipids, Alabaster, AL) in n-decane by the brush technique [34] on
a 0.55-mm diameter hole in a Teflon partition separating two compartments of a
cell containing aqueous solutions of 100 mM KCl, 10 mM MES, 10 mM Tris
and 0.05 mM EDTA at pH 7.0. O-pyromellitylgramicidin was added from stock
solutions in ethanol to the bathing solutions at both sides of the BLM and
routinely incubated for 15 min with constant stirring. Experiments were carried
out at room temperature (24–26 °C). Aluminium trisulfophthalocyanine
(AlPcS3) was from Porphyrin Products, Logan, UT. AlPcS3 was added to the
bathing solution at the trans-side (the cis-side is the front side with respect to the
flash lamp). The electric current (I) was recorded under voltage-clamp
conditions. The currents were measured by means of Keithley 428 current
amplifier, digitized by using a DT2814 (Data Translation, Marlboro, MA) and
analyzed using a personal computer. Ag–AgCl electrodes were placed directly
into the cell and a voltage of 30 mV was applied to the BLM. BLMs were
illuminated by single flashes produced by a xenon lamp with flash energy of
about 400 mJ/cm2 and flash duration <2 ms. A glass filter cutting off light with
wavelengths <500 nm was placed in front of the flash lamp. To avoid electrical
artifacts, the electrodes were covered by black plastic tubes.
The current is induced by gramicidin dimers formed by head-to-head
association of the peptide [35]. A typical OPg-mediated current trace after a
flash of light has a single exponential component with a characteristic time of
about 0.2 s [36]. This 0.2 s phase corresponds to monomer–dimer equilibration
after damage to a part of gramicidin monomers (the concentration jump
technique) [37,38]. We believe that the gramicidin damage includes generation
of reactive oxygen species (ROS) due to interaction of excited photosensitizer
molecules with oxygen and the attack by ROS of tryptophan residues in
gramicidin molecules [39,40].
The current trace after a flash of light can be described by a single
exponential function:
I tð Þ ¼ Il þ Ad exp ts
 
;
where I∞ corresponds to the final value of the BLM current, τ characterizes the
photoinactivation kinetics (the characteristic time of photoinactivation). After
the addition of appropriate concentrations of polymers, the flash-induced trace
of the current mediated by OPg was described by a two-exponential kinetic
curve:
IðtÞ ¼ Il þ A1d expðt=s1Þ þ A2d expðt=s2Þ
To characterize the multi-exponential curve with one kinetic parameter, we fitted
it with single-exponential approximation or calculate
s* ¼ s1A1 þ s2A2ð Þ= A1 þ A2ð Þ
It can be shown that in the case of a combination of two exponents, single
exponential fit should give the value of τ which is equal to that of τ*.
Typical current traces after a flash of light have two components with
characteristic times of <10 ms and about 1 s [37]. The fast phase which normally
comprises less than 10% of the photoresponse apparently reflects inactivation of
conducting dimers, while the main slow phase corresponds to the monomer–
1688 A.A. Pashkovskaya et al. / Biochimica et Biophysica Acta 1758 (2006) 1685–1695dimer equilibration after the damage to a part of gramicidin monomers. We
believe that the process of the gramicidin damage includes generation of reactive
oxygen species (ROS) due to interaction of excited molecules of a
photosensitizer with oxygen and the attack by ROS of tryptophan residues in
gramicidin molecules [39]. The lifetime of ROS is less than 10 μs [41], and the
time of gramicidin damage is substantially less than the characteristic time of the
major photoinactivation component which is called below the characteristic time
of photoinactivation τ (about 0.3 s). Therefore, the current decay represents the
relaxation after a concentration jump.
2.4. Measurements of boundary potential of planar bilayers by
inner-field compensation method
As it was shown in [42], the dependence of the planar bilayer capacity on the
transmembrane voltage can be applied for the estimation of the difference in the
surface potentials of two membrane–water interfaces. This technique was
improved considerably by [43,44] and was applied successfully for studying the
binding of charged peptides [45] and other polymers [46] to planar membranes.
Our setup was described in [47]. Briefly, 350 Hz sine voltage (G3-112 functional
generator, Russia) after filtration from the 700 Hz sine component was applied to
an Ag/AgCl reference electrode connected to one side of the membrane by an
agar–agar bridge. The other electrode (from the other side of membrane) was
connected to a Keithley 428 current amplifier with feedback resistance of
1 Mohm. The second harmonic 700 Hz signal was detected with a model 5209
lock-in amplifier (Signal Recovery, Oak Ridge, TN). The minimum in the
700 Hz signal upon application of different DC offset voltages was searched
manually every minute in order to measure the kinetics of the changes in the
difference in boundary potentials. The sensitivity of the setup was enough to
measure the inner field potential difference with the accuracy of less than 1 mV.
2.5. Monolayer setup
Monolayers of dipalmitoylphosphatidylcoline (DPPC) were formed by
spreading 10 μL volume of 2 mg/ml concentration in freshly distilled
chloroform on the surface of a subphase contained 1 mM HEPES, 10 mM
KCl (pH 7.2) in double-distilled water with or without gramicidin and/or PLL/
PLL–PEO. The surface was cleaned by repeated “blank” runs prior to
measurements. The solvent was allowed to evaporate for 10 min before
compression. Surface pressure and surface potential isotherms (π–A and V–A
isotherms) were measured simultaneously using a Teflon Langmuir trough
(7.5×36 cm2) “LB2-NT-MDT” (Zelenograd, Moscow) equipped with a
Wilhelmy balance and a surface potential meter (Kelvin probe). The setup
was mounted in a dust-free chamber. The monolayer surface potential was
measured by vibrating (frequency 300 Hz) a 15-mm diameter polished brass
plate with respect to the potential of the pure subphase surface (the latter was
taken as zero). Ag/AgCl reference electrode was placed into the subphase. The
accuracy and long-term stability in surface potential experiments were 5 mVand
10 mV/h, respectively. For surface pressure measurements the accuracy was
mainly limited by occasional air flows and vibration of the water surface
(∼0.1 mN/m). Both isotherms (π–A and V–A) were measured by slow
compressing a lipid monolayer at a rate of ∼30 cm2/min. Compression was
stopped at pre-collapse pressure (usually 50 mN/m) that allowed us to have
several cycles of expansion–compression without visible hysteresis. At least
three different experiments were averaged. All measurements were performed at
room temperature 21±1 °C.
2.6. Preparation of liposomes
Adsorption of the polymers on lipid bilayers was evaluated using small
unilamellar vesicles (SUVs). To prepare mixed EL/CL negatively charged
SUVs, ethanol solutions of egg yolk lecithin (EL) and cardiolipin (CL) were
mixed, EL/CL being 0.8/0.2, and the solvent was carefully evaporated under
vacuum. A thin film of lipids was dispersed in 2 mM HEPES, 10 mM KCl, pH
7.04 and sonicated with a 4700 Cole–Parmer ultrasonic homogenizer (Vernon
Hills, USA) at 22 KHz (4×200 s). Liposome samples thus obtained were
separated from titanium dust by centrifugation and used within 1 day. The
diameter of liposomes was estimated by quasi-elastic light scattering usingMalvern “Autosizer-2c” spectrometer equipped with a He–Ne laser (633 nm)
and autocorrelation function was obtained using Correlator Ê7032-09
(Malvern). The size of vesicles was in the range of 70–100 nm.
EL/OPg liposomes were prepared either by addition of 0.05 ml of methanol
solution of OPg (80 mg/ml) to 1 ml of suspension of EL liposomes (50 mg/ml)
or by mixing of EL ethanol solution with the appropriate amount of OPg
methanol solution. In the second case, the mixed solution was further dried in
vacuum, hydrated in 2 mMHEPES, 10 mMKCl buffer solution and sonicated as
described above for EL/CL liposomes. Both methods gave similar liposomes
with size close to 50 nm and nearly the same electrophoretic mobilities
corresponding to ζ-potentials about −33 mV. However, to avoid the presence of
traces of methanol in samples of liposomes, the method based on formation of
the mixed OPg-EL film was used routinely.
Electrophoretic mobility of liposomeswas estimated using the optical system
of Malvern Zetasizer 2 equipped with PC-4 cell with the inner diameter of 4 mm.
The potential applied to the cell was 120 V. Autocorrelation function of the
scattering intensity was registered by a single-board programmable real-time
correlator PhotoCor-SP (Photocor Instruments Inc., USA). The software
developed by Malvern Instrument Company (UK) for Zetasizer 2 and adapted
to this correlator gives the Fourier spectrum of scattered light (typically of one
pike) which was integrated to get the electrophoretic mobility of colloid particles
(liposomes).3. Results
3.1. Polymer binding to liposomes
To characterize the ability of PLL and PLL–PEO graft
copolymers to interact with negatively charged bilayers, their
effect on the electrophoretic mobility of negatively charged
liposomes was measured. Two-types of liposomes were tested:
mixed EL/CL liposomes and EL/OPg liposomes. EL/CL
liposomes had electrophoretic mobility of −3.1 (μm/s)/(V/cm)
which corresponded to ζ-potential of −41 mV. Fig. 2A shows
the dependence of the electrophoretic mobility of liposomes on
the concentration of PLL, PLL–PEO4000, and PLL–
PEO20000 transformed to parameter Z+/− which corresponds
to the ratio of the concentration of positively charged amino
groups of lysines and the total concentration of negatively
charged phosphate groups of cardiolipin in the liposome
suspension (each cardiolipin molecule contains two phosphate
groups). Importantly, cardiolipin should be uniformly distrib-
uted between inner and outer leaflets of the liposome bilayer
membranes making only half of its quantity accessible to
external polymers. It can be seen from Fig. 2A that at Z+/−=0.5
all polymers exhibited zero electrophoretic mobility showing
electrostatic binding irrespective of the presence of PEO chains
in the polylysine chains at the polymer concentrations below
zero-charge point. It is worth noting that the attachment of PEO
neutral chains to PLL seemed to prevent the additional binding
of the polymers to membranes at high concentrations. This
steric factor differed for two PEO modified moieties.
Addition of polycations, in particular PLL, to the negatively
charged liposomes usually induces aggregation of vesicles [48].
Here we also observed that PLL induced an increase in the
particles size from 70 nm up to 1500 nm when the concentration
reached Z+/−=0.5, while PLL–PEO4000 had only moderate
effect on the liposome size (an increase up to 100–150 nm) thus
suggesting that the presence of PEO-chains prevents the
aggregation of liposomes (data not shown). This result is
Fig. 3. Examples of the kinetics of the decrease in the O-pyromellitylgramicidin-
mediated current (I) through BLM after a flash of visible light (at zero time) in
the presence of 1 μMAlPcS3. Polymers were added to both sides of the BLM at
the concentrations of 0.1 μM per chain (PLL, curve 2, PLL–PEO4000, curve 3,
and PLL–PEO20000, curve 4). Curve 1 shows the control without polymers.
The normalized values of the current (I/I0) are plotted versus the time. The initial
value of the current (I0) was approximately 0.5 μA. Solid curves fit mono-
exponential or two-exponential curves with parameters: curve 1, A=21.5%,
τ=0.35 s; curve 2, A1=5.4%, τ1=13.1 s, A2=9.6%, τ2=0.95 s; curve 3,
A1=2.6%, τ1=3.2 s, A2=14.3%, τ2=0.32 s; curve 4, A=17.7%, τ=0.43 s.
Fig. 2. Changes in the electrophoretic mobility of EL/CL liposomes ([EL]/2
[CL2−]=0.2; panel A) and EL/OPg liposomes ([EL]/3[OPg3−]=0.14; panel B)
upon addition of unmodified PLL (1) and its grafted copolymers PLL–PEO-
4000 (2) and PLL–PEO-20000 (3). Z+/− corresponded to a ratio of the
concentration of positively charged amino groups of lysines and the total
concentration of negatively charged phosphate groups of cardiolipin in the
suspension. Small unilamellar vesicles (1 mg/ml) were prepared in 2 mÌ
HEPES–KOH, 10 mM KCl, pH 7.0.
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PEO-graft-polyethylenimine polymers on the aggregation of
negatively charged vesicles [49]. PLL–PEO20000 had inter-
mediate effect on the liposome size (data not shown).
Fig. 2B shows the data of the experiments with EP/OPg
liposomes which had electrophoretic mobility of −2.4 (μm/s)/
(V/cm) which corresponded to ζ-potential of −33 mV. The
addition of the polymers led to the decrease in the liposome
mobility in a manner similar to EL/CL liposomes (Fig. 2A and
B). Therefore, the binding had predominantly electrostatic
nature and did not depend on the kind of anionic groups on the
membrane surface. The mobility data were analyzed rather than
ζ-potentials because the calculations of ζ-potentials were
complicated by complex hydrodynamic conditions in the
presence of bound polymers.
3.2. Planar bilayer experiments
The data on the electrophoretic mobility of liposomes
suggested that conjugation of PEO polymers to PLL did not
prevent the binding of the polymers to the negatively charged
lipid surface. Therefore, it was possible to compare the ability of
these polymers to induce the process of OPg demixing in planar
bilayers by the method of sensitized photoinactivation. As it
was shown previously, the characteristic time of photoinactiva-
tion (τ) appears to be close to the gramicidin channel lifetime
under a variety of conditions and exhibits similar changes [37].This method allows to measure the channel kinetics at the multi-
channel level, which is very important for the effect of
polylysine which requires considerable surface density of OPg
channels [27]. Fig. 3 shows examples of the kinetics of the
flash-induced decrease in OPg-mediated conductance of BLM
in the presence of the photosensitizer AlPcS3 before (curve 1)
and after the addition of polymers at the same concentration to
both sides of BLM (curves 2–4). In agreement with the
previously published data [36] the addition of PLL led to
marked deceleration of the photoinactivation kinetics (curve 2)
compared to the control (curve 1). PLL–PEO4000 also
produced some deceleration at this concentration although
much less pronounced. PLL–PEO20000 did not decelerate the
kinetics at all (curve 4). To characterize the kinetics quantita-
tively, the data were fitted with one or two exponentials if one
exponential gave poor fit. Curves 1 and 4 were well fitted with
single exponential with τ of 0.35 s and 0.43 s, respectively
(solid curves in Fig. 3). In contrast to that, curves 2 and 3
showed high deviations from single exponentials but were well
fitted by two exponentials with parameters: A1 = 5.4%,
τ1 =13.1 s, A2 =9.6%, τ2 =0.95 s (curve 2); A1 =2.6%,
τ1=3.2 s, A2=14.3%, τ2=0.32 s (curve 3). As discussed in
[27], the appearance of two-exponential kinetics can be
ascribed to the formation of polymer-OPg clusters of different
compositions.
As described in Materials and methods, the single kinetic
parameter τ*=(τ1A1+τ2A2)/(A2+A1) can be used to character-
ize two-exponential kinetics. Fig. 4 shows the dependence of τ*
on the concentrations of PLL and two PLL–PEO copolymers.
In agreement with the previously published data [27,28], the
dependence had a bell-like shape (Fig. 4, open circles). The data
with PLL–PEO4000 were qualitatively similar to the PLL data
with the maximum at lower polymer concentrations and about 3
Fig. 5. Changes in the inner membrane potential difference after the addition of
44 nM PLL (curve 1), 0.4 μM PLL–PEO4000 (curve 2), and 0.4 μM PLL–
PEO20000 (curve 3) at one side of the membrane. The solution was 100 mM
KCl, 10 mM Tris, 10 mM MES, pH 7. The membrane was made from DPhPC/
DPhPG (1/1 by weight).
Fig. 4. The dependence of the characteristic time of O-pyromellitylgramicidin
photoinactivation (τ) on the concentration of PLL (open circles), PLL–
PEO4000 (open squares), and PLL–PEO20000 (closed triangles) per polymer
chain.
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The decrease in the effective concentration of PLL–PEO4000
suggested better binding ability of this polymer compared to
PLL. In contrast to these two polymers, the addition of PLL–
PEO20000 induced only negligible increase in the value of τ
within the whole concentration range (Fig. 4, closed triangles).
However, there was clear indication of the interaction of PLL–
PEO20000 with the membrane, i.e. the increase in the OPg-
mediated current after the addition of the polymer (data not
shown). This effect is characteristic for the OPg-polycation
system, as it was described in [36].
Control experiments showed that all polymers used here
changed neither the current mediated by neutral gramicidin A,
nor τ of its photoinactivation (data not shown). Therefore, the
changes in τ of OPg (Fig. 4) were due to electrostatic interaction
of the positively charged polymers with anionic OPg channels.
It can be assumed from the sensitized photoinactivation data
that the PLL–PEO4000 polymer has increased binding ability
in the system. However, this assumption disagrees with the data
on the binding of polymers to liposomes (Fig. 2). It should be
noted that the conditions of the experiments on planar bilayers
and liposomes were considerably different. In particular, the
density of negatively charged groups was 14% in EL/OPg
liposomes and can be estimated as 0.001% in planar bilayers
[50]. Besides, active concentrations of the polymers were about
10 μM in the case of liposomes and 10–100 nM in the case of
planar bilayers (Figs. 2–4). This can clarify the quantitative
difference in the binding in these two membrane systems.
Unfortunately, the measurements of the binding under the
conditions relevant to sensitized photoinactivation were impos-
sible. It was necessary therefore to measure the binding of the
polymers by other methods. The binding of charged molecules
to planar bilayers can be measured by the inner-field
compensation method [42,43,51]. One of the requirements of
this method is the absence of the carrier- or channel-mediated
ion conductance across the membrane. Therefore, this method
cannot be used in the presence of OPg channels. Besides, this
method estimates the difference between the averaged surfacepotentials of two membrane–water interfaces ignoring local
effects characteristic for lateral domains. However, it was
possible to compare the binding of PLL and its PEO conjugates
with bilayers made of a mixture of neutral and negatively
charged lipids (DPhPC/DPhPG). Fig. 5, curve 1 shows the
kinetics of the formation of the inner membrane field difference
(Δψ) after the addition of 44 nM of PLL at one side of the
membrane. The sign of the field corresponded to the appearance
of positive charges on the side where PLL was added, as
expected. The addition of PLL–PEO4000 or PLL–PEO20000
at this concentration did not induce the formation of Δψ of
measurable magnitude (less than 1 mV, data not shown). Curves
2 and 3 of Fig. 5 corresponded to the additions of 0.4 μM PLL–
PEO4000 and PLL–PEO20000, respectively.
Therefore, this method suggested that the binding of the PEO
conjugates to DPhPC/DPhPG membranes was weaker than that
of the parent PLL but the addition of higher concentrations of
polymers led to the efficient binding. It should be noted that the
pattern of the binding of grafted polymers at low concentrations
could be masked by the action of PEO chains on the dipole
component of the surface potential of lipid bilayers. The inner-
field compensation method is sensitive to a sum of the surface
and the dipole components [44]. Control experiments showed
that the addition of PLL in the case of neutral DPhPC membrane
did not bring about the changes in Δψ.
Importantly, the effective concentrations of polymers were
several orders of magnitude lower compared to those in
liposomes in spite of similar surface density of negatively
charged groups (14% in liposomes and 30% in planar bilayers).
This difference can be ascribed to the difference in the volume
to surface ratio in these two systems. For a more detailed study
of the binding of the polymers, it was necessary to perform
additional experiments in the system having similar volume to
surface ratio as in the case of planar bilayers. For this purpose,
we chose the monolayer technique.
Fig. 6. Surface pressure (A) and surface potential (B) versus area per lipid
molecule for the DPPC monolayer spread on the air–water interface. Curve 1
represents a subphase with 1 mM HEPES, 10 mM KCl, pH 7.2 (control); Curve
2, the subphase with 3 μM PLL (concentration per lysine units); Curve 3, the
subphase with 1 μMOPg; Curve 4, the subphase with 3 μMPLL and 1 μMOPg.
Fig. 7. Surface pressure (A) and surface potential (B) versus area per lipid
molecule for the DPPC monolayer spread on the air–water interface. A x–x-
curve represents isotherm for a subphase with 1 mM HEPES, 10 mM KCl, pH
7.2; Dotted curve, the subphase with 3 μM PLL–PEO4000; Dashed curve, the
subphase with 3 μM PLL–PEO4000 and 1 μM OPg; Dashed-dotted curve, the
subphase with 3 μM PLL–PEO20000; Thin solid curve, the subphase with
3 μM PLL–PEO20000 and 1 μM OPg.
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The interaction of polymers with the peptide in lipid
environment can also be studied by measuring π–A isotherms
and monolayer surface potential. OPg added to the subphase
at a concentration of 1 μM shifted considerably the π–A
isotherm of the DPPC monolayer at A>50 Å2 per lipid
molecule showing the insertion of peptide molecules into the
monolayer (Fig. 6A, curves 1 and 3). This concentration of
OPg (1 μM) was about one order of magnitude higher
compared to our sensitized photoinactivation measurements in
planar bilayers. The results of simultaneous measurements of
the monolayer surface potential also favored the insertion of
OPg: a considerable reduction of the monolayer surface
potential was seen at area less than 80 Å2 per lipid molecule
(Fig. 6B, curves 1 and 3). These data are similar to the data
obtained for neutral gA in DPPC monolayer [52,53] showing
that the reduction of surface potential did not result from the
presence of a negative charge on the OPg molecule. This
decrease was obviously due to the decrease in the dipole
potential of the lipid monolayer caused by the incorporation
of the peptide [53]. Interestingly, in contrast to gA, OPg did
not shift the π–A isotherm of the DPPC monolayer at
A<50 Å2 per lipid molecule showing that the peptide was
squeezed out of the monolayer at π>20 mN/m. Apparentlythis difference between gA and OPg was due to higher water
solubility of the charged peptide.
The addition of PLL to the subphase had a minor effect on
the π–A isotherm in the case of the neutral DPPC monolayer
(curves 2 of Fig. 6A and B) suggesting only weak binding under
these conditions. By contrast, PLL in the presence of OPg
caused expansion of the monolayer in the whole range of lateral
pressures, indicating that the formation of OPg–PLL complexes
was accompanied by the increase in the OPg affinity for the
monolayer. This effect can be attributed to the PLL-induced
formation of the OPg domains, whose boundary experiences a
considerable deformation due to the hydrophobic mismatch
between OPg- and lipid-enriched areas. The increase in the
surface potential of the monolayer by more than 100 mV upon
addition of the polycation to the subphase also pointed to the
binding of the polymer under these conditions (Fig. 6B, curve
4). Control experiments with a monolayer containing gA/DPPC
mixture showed the absence of the effect of PLL on the surface
potential (data not shown).
Fig. 8. A scheme of the lateral organization of OPg channels in the lipid
membrane without (panel A) and with different polymers (panels B and C)
added to the bathing solution. In panel A the channels are randomly distributed
in the lateral direction of the membrane. The addition of the PLL–PEO20000
polymers, schematically shown as chains of rectangles (lysine units) with
attached chains of circles (PEO units), leads to clustering of the channels (panel
B). Panel C shows the addition of PLL (or PLL–PEO-4000) which leads to the
domain formation and the change in the structure of annular lipid surrounding
channels (schematically shown as local thinning of the membrane).
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monolayer or OPg/DPPC monolayer is shown in Fig. 7. One
can see considerable expansion of the π–A isotherm at
A>70 Å2 per lipid molecule and disappearance of a plateau
related to the DPPC phase transition in the region of 50–70 Å2
in the presence of both polymers used. These data correlate well
with the data on the adsorption of PEO and differently-sized
polyethylene-glycols (PEG) on the DPPC monolayer where
expansion of the π–A isotherms was seen in the region of gas
phase of the DPPC monolayer [54,55]. The shift to low surface
area of π–A isotherms of the DPPC monolayer on the subphase
with PEG–PLL polymers is probably due to loss of some lipids
into the subphase as was early obtained with PEG [54]. The
addition of OPg to PEO-grafted PLL in water subphase seems
to have no effect in the case of PLL–PEO4000 and very small
effect in the case of PLL–PEO20000 (Fig. 7A) although small
increase in the surface potential was observed (Fig. 7B). It can
be concluded that grafting of PEO polymers with PLL
facilitated its binding to lipids and this process was almost
insensitive to the presence of negatively charged gramicidin.
Besides, the compression of the monolayer down to 40 Å2 was
accompanied by only marginal increase of the lateral pressure.
The decrease in the average area per headgroup upon the
addition of polymers indicated the “squeeze-out” of OPg–PLL–
PEO complexes from the monolayer, a part of neutral lipid
obviously being also involved in such complexes and being
extruded from the monolayer into the subphase upon the
elevation of the lateral pressure. Similar behavior has been
reported previously for a number of hydrophilic PEO containing
surfactants [56], and is obviously due to the repulsive
interactions between PEO chains and lipid polar headgroups
[57]. This repulsion was previously predicted in the theoretical
works by Lipowsky [57] and in [58] and is obviously due to the
hydration and high flexibility of PEO chains.
4. Discussion
The present work is devoted to the study of the functional
consequences of the interaction of polycations with the
negatively charged gramicidin channels. Previously we have
shown that PLL causes the demixing of OPg channels due to
multivalent binding of the polymer to peptide molecules on the
membrane surface [27,28]. In the present study it was shown
that PLL grafted with PEO had a reduced ability to decelerate
OPg channels (Fig. 4). This effect depended on the architecture
of the copolymer, attachment of one large PEO chain being even
more effective for the elimination of PLL-induced stabilization
of OPg channels than the attachment of 4 short PEO chains.
Unfortunately, direct measurements of the binding of the
polymers to the planar bilayers under the conditions of
sensitized photoinactivation technique were impossible. How-
ever, the measurements of the binding of PLL–PEO4000 and
PLL–PEO20000 in other systems showed that the presence of
PEO did not affect their interaction with negatively charged
liposomes below zero-charged point (Fig. 2) and with lipid
monolayers (Figs. 6 and 7), and had only limited effect on the
binding to DPhPC/DPhPG planar bilayers (Fig. 5) which can beovercome by the increase in the polymer concentration. It was
shown by the sensitized photoinactivation technique (Fig. 4)
that even at high concentration, PLL–PEO20000 was not able
to produce deceleration of the kinetics of OPg channels.
Therefore, the main reason for the reduction of the effect on the
channel functioning is not a change in the binding but rather a
change in the fine structure of the associates with OPg.
There is a large body of evidence in the literature that the
characteristic time of photoinactivation (parameter τ) as well as
a related parameter, gramicidin channel lifetime, is determined
by the deformation of the bilayer induced by the insertion of
gramicidin (see review [38,59]). This deformation is due to the
mismatch between the length of the gramicidin dimer (about
25 Å) and the thickness of the membrane hydrophobic region
(about 38 Å). Therefore, the peptide insertion leads to the
considerable cost in free energy of the system due to the
deformation of the bilayer. Both experimental [50,60,61] and
1693A.A. Pashkovskaya et al. / Biochimica et Biophysica Acta 1758 (2006) 1685–1695theoretical [62] studies have shown that the presence of a
neighboring gramicidin channel in the close vicinity of the other
causes the stabilization of the double-channel state due to the
reduction of the length of the peptide/bilayer boundary, thus
giving a rational for the experimentally observed stabilization of
the OPg channels after their aggregation in the presence of
polylysines.
As it was firstly observed in [28], the dependence of τ on the
PLL concentration has a maximum at an intermediate PLL
concentration. Previously, this maximum was attributed to the
competition of the excess of polymer chains for a limited
number of channels in the planar membrane at high PLL
concentrations in the solution. This phenomenon has a parallel
with the domain formation/dissipation observed by 2 H NMR
upon charged polymers binding to oppositely charged mem-
brane surfaces [24]. According to the kinetic model described
previously [27], the decrease in τ in the presence of high PLL
concentrations is due to the repulsive interactions between the
similarly charged polylysine chains bound to the molecules of
OPg in the membrane. It may be supposed that similar situation
takes place when the bulky PEO chains are attached to PLL. In
this case, the repulsion between separate copolymer molecules
hinders bringing OPg molecules together and fusion of different
OPg clusters.
Comparison of two copolymers used in the present work
reveals the importance of the copolymer architecture for its
ability to interact with OPg channels. Although EO/lysine ratio
in these copolymers was rather close, the arrangement of PEO
chains in these polymers was different: PLL–PEO4000
contained four PEO chains of M.W. 4,000 per PLL chain
randomly distributed over PLL, while PLL–PEO20000 had
only one PEO chain (M.W. 20,000). It turned out that the longer
PEO20000 chain hinders the aggregation of clusters and
domain formation more significantly than the shorter
PEO4000 chain, thus leaving the process on the stage of
clusters. Therefore, it can be concluded that the data obtained
favor the assumption that the process of domain formation was
responsible for the observed stabilization of OPg channels
caused by polylysine. In line with this conclusion, it was shown
in [49] that PEO-grafted polyethylenimine polymer was
ineffective in demixing of cardiolipin in mixed CL/PC
liposomes in contrast to the ungrafted polycation.
Two different types of gramicidin demixing process can be
distinguished: (i) formation of a cluster when several channels
are bound to a polymer chain, (ii) formation of a domain when
several clusters unite to form a membrane region with a
common boarder. The latter case can be considered as a phase
separation process leading to the formation of peptide-diluted
and peptide-enriched phases in the lipid matrix [21]. The
driving force of the domain formation is the reduction of the
length of the boarder around clusters having excess of energy.
Apparently, the process of cluster formation is prerequisite for
the domain formation and also should lead to the local
enrichment in the peptide and to channel–channel interactions
stabilizing the channel state (increase in τ of photoinactivation).
However, it is possible that the density of the peptide provided
by only clustering without domain formation is not sufficient forthe increase in the value of τ and therefore the domain
formation is the cause of the observed increase in τ. The data
obtained in the present work suggested that the latter
assumption is valid.
Fig. 8 shows the scheme of the lateral organization of OPg
channels and different polymers in the lipid membrane. In the
control (panel A), the channels are randomly distributed in the
lateral direction of the membrane. The addition of the PLL–
PEO20000 polymers, schematically shown as chains of
rectangles (lysine units) with attached chains of circles (PEO
units), leads to the formation of the channel clusters (panel B).
Panel C shows the addition of PLL (or PLL–PEO-4000) which
leads to the domain formation and the change in the structure of
annular lipid surrounding channels (schematically shown as
local thinning of the membrane). It is worth noting that the
addition of PLL at one side of the membrane did not affect the
value of τ of photoinactivation [36,63], so all experiments in the
present work were done with the addition of polymers at both
sides of the membrane.
The results of the present work support the current idea of the
importance of lateral organization of cellular membranes for
regulation of the functioning of ion channels [1]. The model
studied here can be used as a test system for studying the
mechanism of domain formation induced by proteins in
artificial [10] and natural [64] membranes. The present study
of the functional properties of the simple ion channel,
gramicidin A modified with pyromellitic acid, showed the
role of the protein structure in the induction of the clustering and
further domain formation.
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